Abstract-Electrochemical migration behavior of end terminals on ceramic chip resistors (CCRs) was studied using a novel experimental setup in varying sodium chloride concentrations from 0 to 1000 ppm. The chip resistor used for the investigation was 10-kΩ CCR size 0805 with end terminals made of 97Sn3Pb alloy. Anodic polarization behavior of the electrode materials was investigated using a microelectrochemical setup. Material makeup of the chip resistor was investigated using scanning electron microscopy (SEM)/energy dispersive spectroscopy and focused-ion-beam SEM. Results showed that the dissolution rate of the Sn and stability of Sn ions in the solution layer play a significant role in the formation of dendrites, which is controlled by chloride concentration and potential bias. Morphology, composition, and resistance of the dendrites were dependent on chloride concentration and potential.
I. INTRODUCTION

C
ORROSION of electronic devices in humid environment is of serious concern today due to the combination of multimaterial use, potential bias, and miniaturization on printed circuit boards (PCBs). Process-and service-related contaminations accelerate corrosion by making the environment more aggressive [1] , [2] . Due to corrosion problems, the life span of products is reduced [3] , and failure or loss of functionality of devices leads to severe economic loss, plant downtime, and customer dissatisfaction. Miniaturization at all levels is one of the key factors reducing corrosion reliability. Over the last ten years, the size of electronics has been reduced by over 70%. For flip-chip ICs, miniaturization amounts to ∼90%. The closer spacing increases the electric field (E = V /d, where E is the electric field, V is the applied potential, and d is the distance between the terminals), which makes corrosion cell formation easy during local condensation under humid environments. At constant voltage, the electric field between the conductors rises inversely with the conductor spacing, and corrosion phenomena such as electrochemical migration (ECM) are known to be enhanced under high electric fields [6] , [7] .
Under humid conditions, a nanoscale water layer is formed locally on the PCB components, giving rise to a conducting path for current flow and thereby establishment of electrochemical cell between two points on PCBs. The potential bias on the PCB at adjacent points or dissimilar material combinations serves as a thermodynamic driving force for the corrosion cell. Fig. 1 shows two possibilities for the corrosion cell formation on the surface of the PCBs due to material combinations and potential bias. Hygroscopic process-and service-related contaminations increases the risk of forming a water layer on the PCB surface along with being a source of ions for solution conductivity.
ECM is a typical form of corrosion found on electronic systems [3] , [4] due to the presence of susceptible metals such as Cu, Ag, Sn, Pb, etc. ECM occurs due to the presence of a potential gradient between two susceptible conductors (Cu, Ag, Sn, Pb, etc., on PCB) connected by a thin layer of solution. For example, two terminals of a chip capacitor or resistor on a PCB could act as anode and cathode if they are connected by a water layer. In this case, dissolved metal ions from the positive electrode (anode) migrate toward oppositely charged negative electrode (cathode) to deposit there. The process is similar to metal plating except for the dendritic morphology of the deposit formation extending from cathode to anode. Growth of dendrites finally leads to electric short between two points on the PCB, which cause component failure or malfunction.
However, not all metals on the PCB can cause electrolytic migration. Whether a specific metal is susceptible to electrolytic migration or not depends on the stability of the dissolved metal ion in aqueous solution and of the overvoltage required for deposition compared to hydrogen overvoltage. Metal compounds with low solubility product give fewer ions for migration, while those with high hydrogen overvoltage will not deposit. Therefore, on a PCB surface, only metals like Cu, Ag, Sn, and Pb are susceptible to ECM at least over a range of potentials and pH predicted by the Pourbaix diagram [5] . Tin and lead exist in the form of solder alloy on the PCB surface and also as an outer layer of electrodes of components, for example, chip resistors and capacitors. Migration of these metals on a PCB surface leads to malfunction or failure of devices during service.
ECM has traditionally been roughly divided into two subcategories: humid ECM, where a thin invisible moisture film is adsorbed to the surface, and condensed ECM, where a visible layer of condensed water is present [8] . Although Brunauer et al. [9] found an exponential increase in surface conductivity, not all metals that are susceptible to ECM have been found to migrate under humid conditions. Silver and, to some extent, copper have been reported to migrate under humid conditions [10] - [15] , while other susceptible metals usually require a visible water layer (condensed conditions) [8] , [16] - [26] . However, as distances on the PCBs are getting smaller due to miniaturization, the risk of having a condensation nucleus expanding over two conductors increases, and the relevance for ECM under wet (condensed) conditions is therefore increasing.
The exact mechanism of electrolytic migration and influencing factors on a PCB surface vary from one application to another, and many factors are still unknown. Contaminations such as chloride ions have significant effect on corrosion, while pH of the solution layer determines the stability of the dissolved metal ions in the water layer for migration to occur [5] . Localized pH changes are also likely to occur during migration due to water dissociation and hydrolysis at the electrodes.
A problem encountered when investigating ECM phenomenon directly on the PCB is the number of parameters influencing the system such as solder process, solder flux, and heating profile, to name a few. Noh and Jung [1] found that ECM migration is more likely to occur on a glass-epoxy FR-4 (flame resistant-4) PCB than on a polyimide PCB. Yoo and Kim [28] investigated the influence of the corrosion properties on ECM in varying Pb concentrations. Sample preparation was done by applying a solder paste of varying Pb content onto a silicon wafer and passing it through a reflow oven. However, the solder paste contains flux, and for varying Pb content, the flux chemistries could be different and remnants of the solder flux could greatly affect the migration process. In addition, the surface roughness of the solder on a silicon wafer could be different than on a PCB, thereby influencing the ECM behavior [4] . Such factors make reliable reproduction of experiments extremely difficult, thereby complicating interpretation and comparison of experimental results.
In this paper, ECM on ceramic chip resistors (CCRs) in condensing environment has been investigated in detail using a single-component ECM (SCECM) setup in which a single electronic component can be directly loaded and ECM process can be investigated. The setup is attached with a video microscope for in situ observation. In this paper, the effect of chloride ion concentration and potential bias was investigated. Basic electrochemical behavior of the chip resistor electrode materials was investigated using a microelectrochemical setup with a tip diameter of 350 µm. The material makeup, microstructure, and corrosion morphology were investigated using scanning electron microscope (SEM), energy dispersive spectroscopy (EDS), focused-ion-beam SEM (FIB-SEM), and optical microscopy.
In the SCECM setup, a single chip component can be loaded with applied potential on both sides to be exposed to microvolume environment, thus simulating the condensed corrosion environment encountered on a PCB. The resulting migration current can be monitored together with time-lapse videoing of the migration phenomena. A great advantage of this experimental setup is that the components can be investigated in the as-received condition, without any soldering process. Chloride is known to be an aggressive corrosion promoter. As chloride impurities are commonly found on electronic circuits through dust, handling, or external exposure, it is relevant to investigate the effect it has on ECM. Increased chloride content on a PCB is expected to result in increased kinetics of metal dissolution in a condensed humidity environment. However, the effect of chloride concentration on ECM is not yet understood nor are the synergistic effects of chloride with other impurities on a PCB (i.e., solder flux or dust). The work in this paper focuses on the effect chloride concentration on electrolytic migration behavior. Most electronic components will be exposed to field environments that are mainly humid, and condensed environments are believed to be limited to fewer cases, although the relevance of condensed environments has increased dramatically in the past decade due to the increased mobility of electronic devices. Work is currently underway using the SCECM setup in a humid environment, with and without corrosive gasses, such as H 2 S, SO 2 , and NH 3 . Results from these investigations will be published separately.
II. MATERIALS AND METHODS
A. Electronic Components
The electronic component used for investigation in this work is a commercially available 10-kΩ CCR size 0805 (Fig. 5) . The dimension of the chip resistor is 2.0 × 1.2 × 0.45 mm 3 . The component chosen for this investigation represents a large number of chip resistors used for the electronic PCB production.
B. SCECM System
The SCECM setup consists of a glass chamber where opposite sides are fitted with two tiny adjustable probes, which acts as connections to each end of the components, in this case chip resistor (Fig. 2) . One of the probes is fixed, while the other can be controlled in the transverse direction with micrometer precision. The probes are covered with silicone rubber, which is penetrated by the probe when a load is applied, thereby allowing electrical contact while, at the same time, providing corrosion protection to the probes.
The potentiostat used for the SCECM experiments was a Gill AC potentiostat from ACM instruments. For 12-V experiments, a current divider was used for increasing the potential output of the potentiostat.
A droplet of solution is then added onto the surface of the resistor (as shown in Fig. 3 ), and a required dc bias is applied between the two electrodes of the component. Simultaneously, the time-lapse video recording is started ( Fig. 2) for in situ videoing of the migration sequence.
Experiments are conducted on the bottom side of the resistor, due to the better color contrast between the dendrite and Al 2 O 3 substrate, which facilitates in situ visual documentation of dendrite formation. Leakage current flowing through the water layer is measured as a function of time until a permanent short is observed. During the experiment, the chamber was covered with a glass lid to minimize evaporation of the liquid.
C. Microelectrochemical Setup
A microelectrochemical setup was used for potentiodynamic anodic polarization measurements on the resistor terminal in 10 100-and 1000-ppm NaCl (Fig. 4) . The setup consists of an electrochemical head containing the solution, counter, and reference electrodes, which is attached to the carousel of an optical microscope. The cell is connected to a pipette, which makes contact with a local region of the working electrode (e.g., electrodes of the CCR). The lateral resolution of the technique is determined by the dimensions of the pipette tip, in this case ∼ 350 µm in diameter. As the electrode area on CCR is small, part of the surface covered by the electrolyte is the Al 2 O 3 substrate, which is inactive in the electrochemical measurements. By image analysis of corroded specimens, an electrode area of 0.003 cm 2 was found. All microelectrochemical experiments were conducted using a CH Instruments 600 B electrochemical analyzer and an Ag/AgCl reference electrode (3M NaCl giving a potential of 215 mV versus SHE). Open circuit potential (OCP) was held for 300 s, after which anodic polarization was conducted from OCP −20 to 2000 mV with a scan rate of 2 mV/s. Electrolyte in the microelectrochemical tip was purged between each experiment.
D. Specimens and Solutions
For SCECM measurements, chip resistors were handled by polymer tweezers to avoid any mechanical damage during handling. Sodium chloride solutions of concentrations 0, 10 100, and 1000 ppm in deionized water were used for the experiments. All the solutions were prepared using A.R. grade NaCl. All the experiments were carried out in the aerated conditions. Experiments using each set of parameters were repeated for six times to get a statistical average of the behavior.
E. SEM/EDS and FIB-SEM Analysis
Microstructural characterization of the components before and after SCECM experiments was done using SEM (JEOL 5900 instrument), and chemical analysis was carried out using EDS (Oxford Link ISIS) analyzer attached to the SEM. FIB-SEM was performed using a Zeiss 1540EsB cross beam for the cross sectioning of dendrites for detailed investigation of microstructure.
III. RESULTS
A. Material Makeup and Microstructure of Chip Resistor
The CCR (Fig. 5) is a surface mount component that consists of a sintered ceramic body, on top of which a resistive layer is placed.
An inert glass coating is applied in order to protect the resistive layer, and connections to the resistive layer are made by adding metal terminals at the ends of the component. A schematic of the material makeup is shown in Fig. 6 . Fig. 7 shows a SEM photograph of the surface of the electrodes. EDS analysis showed that the top surfaces of the electrodes are made of tin containing 3 wt.% lead (Sn3Pb). Surface morphology of the electrode shows that the surface is nonuniform, with rough areas indicative of a barrel plating technique used for manufacturing of the outer layer of these resistors. Fig. 8 shows the cross section of the resistor and different layers of electrode materials and resistive element. Table I shows a summary of the EDS analysis of various components with major and minor elements. The resistive layer was analyzed using EDS and was found to contain oxides of Pb and Si with smaller amounts of Ca, Ti, Cr, Zn, and Ag. This layer is covered by a silicon oxide glass layer. The Ag layers are used to connect the resistive layer to the terminals that consist of a Sn3Pb outer layer on top of Ni layer, which is placed on top of Ag layer. The ceramic body is made of aluminum oxide, with small amount of silicon oxide. Particles containing Cu, Ag, and Bi where found at the outer 20 µm of the ceramic body, probably impurities from the sintering process. In order to understand how Ni and Ag layers are distributed inside the resistor electrode, an FIB cross-sectional analysis was made, as shown in Fig. 9 , on part of the electrode termination area.
The multiple metallic layers can be seen in the FIB cut area with Ni and Sn layers as described before. It is also clear that the Ag and Ni layers are hidden beneath the Sn layer and therefore not exposed to the surface.
B. Anodic Polarization of Component Terminals
The Tafel plot overlay of the anodic polarization curves for the solder terminal in increasing chloride concentrations is shown in Fig. 10 . The current density axis is in logarithmic scale, and therefore, currents are positive irrespective of whether it is cathodic or anodic. The potential value (intersection of both curves) where the current changes from negative to positive (or the potential value at which the cathodic current is equal to the anodic current) is called the steady-state corrosion potential E corr . This can be seen on the curves as a "notch" at potentials between −200 and −400 mV. At potential less than these values, the current is negative, and the surface is in the cathodic domain. At potentials larger than E corr , the current is positive, and anodic dissolution of tin is observed. Active dissolution of tin is observed upto a potential of approximately E corr + 100 mV. Above this value, current flattens as the ohmic limit of the solution is reached. The dissolution rate of the tin is seen to increase with the chloride concentration. Almost a decade increase in current was observed with ten times increase in chloride concentration. At high potentials, polarization curves flatten as the ohmic limit of the solution is reached, and little increase in current density is seen with increase in potential.
Corroded area after 1000-ppm NaCl anodic polarization experiment was investigated using SEM and X-ray mapping, as shown in Fig. 11 . The X-ray mapping clearly shows selective dissolution of tin exposing nickel layer beneath. Islands containing higher amount of tin and oxygen are seen, probably corrosion products. Fig. 12 shows the current-time curve along with images of the dendrite formation as a function of time in 10-ppm NaCl in DI water under 3-V bias. Before application of the solution, the base current level was measured to 300 µA, as expected for a 10-kΩ resistor at 3-V bias.
C. Electrolytic Migration Experiments in Chloride Solutions
1) Migration as a Function of Time in 10-ppm NaCl Under a 3-V Bias:
Image 1 in Fig. 12 shows the initial condition, just as the potential bias was applied, as illustrated by the dotted line added to the current-time curve. First visible dendrite nucleation was observed after approximately 7 min and 30 s (image 2). At this stage, a little corrosion is observed at the anode, and some corrosion products are seen in the solution, most likely tin hydroxides. After the first visible nucleation of a dendrite was observed, a period of approximately 2-min dendrite growth was observed (image 3) until the dendrite finally reached the anode short-circuiting the system (image 4).
The current-time curve for the whole experiment is shown in Fig. 13 along with images of dendrite at the time of first short (image 1), condensation (images 2 + 3), and at the end of the experiment where the solution has dried out (image 4).
The dendrite is seen to increase the current to the level of 400 µA until the dendrite bridge degrades (burns off) at approx time = 20 min. At this stage, current drops back to the base level of 300 µA. After 33 min, a new dendrite bridge is formed, which again degrades, and this behavior continues until the solution is completely evaporated from the component.
2) Effect of Chloride Concentration and Potential Bias:
Figs. 14 and 15 show specimens after SCECM experiments at 3 and 12 V, respectively, and in varying chloride concentrations. Images are acquired at the time where the dendrite first reaches the anode. For experiments with no migration, the image presented is taken after the experiment has finished and the solution has dried out.
At 3 V, dendrite formation was observed even at 0-ppm sodium chloride, while at 12 V, no migration was observed. In addition, at 1000-ppm sodium chloride, experiments at 3 V did not show dendrite formation, while formation of dendrite was observed at 12 V. Dendrites formed at 12 V in general were thinner and less branched than those observed at 3 V. For 12-V experiments using 100-and 1000-ppm NaCl, a gray/turquoise corrosion product can be seen (Fig. 15) . The EDS analysis showed presence of Ni, Sn, and O, indicating that the corrosion product is a mixture of hydroxides of these. However, Ni was not detected in the dendrites.
The probability of experiencing a short due to dendrite formation during the experiment time is shown in Fig. 16 , and the time for first short circuit is shown in Fig. 17 . These data are deduced from the current-time curves obtained during the migration experiments and represent the average of six experiments carried out in each case (similar to the current-time curve in Fig. 13 ).
It can be observed that the ECM is most likely to occur at sodium chloride concentrations in the range of 10-100 ppm (Fig. 16) , while higher values of sodium chloride concentrations result in heavy corrosion of the anode with less tendency of dendrite formation (see images in Figs. 14 and 15 ). Repeated experiments with 0-ppm NaCl (DI water) on various components have shown that migration is rare, but could happen (at both 3 and 12 V). It could be argued that the one experiment in 0-ppm NaCl, which showed migration, should be excluded as a statistical abnormality. However, we have chosen to include this experiment to show that even at very small contaminations could lead to migration. The origin to these contaminations could be impurities from the manufacturing process, although further investigation is needed to prove this fact. Fig. 17 shows the time for first short deduced from the current-time curves. The time required for short-circuiting, in general, is longer for the 3-V compared to 12-V bias (Fig. 17) . No values are shown for 0-ppm 12-V and 1000-ppm 3-V experiments since no migration was observed for these experiments.
3) Electrical Properties of Dendrites as a Function of Potential Bias and Chloride Concentration:
The current-time curves for various experiments at 3-and 12-V biases are shown in Fig. 18 . Current passing through the electrolyte is very small compared to that passing through the dendrite bridge, and dendrite formed at 3 and 12 V showed large differences in the capacity for current flow. As the dendrite is formed on the surface of the component, the system can be simplified into an equivalent circuit consisting of parallel resistances as shown in Fig. 19 .
As the resistance of the electrolyte is very high compared to the resistance of resistor and dendrite, this can be neglected. The resistance of the dendrite can then be roughly estimated using simple Ohms law to provide quantitative estimates.
In order to estimate the resistance or conductivity of the dendrite, the maximum current measured during the experiments was used. Fig. 20 shows the dendrite resistance as a function of the chloride concentration. Values shown are average values only taken from experiments where dendrite formation was observed.
The backbone of a typical dendrite has been observed to be in the magnitude of ∼200 nm (see Fig. 21 ).
This backbone is the continuous line carrying the current from one terminal to the other. Approximating the dendrite to a wire with a diameter of 200 nm and a length of approximately 1 mm (distance between the two terminals on the resistor), a dendrite made of metallic tin should have a resistance of about 3.5 kΩ (resistivity of tin used is ∼1.09 · 10 −7 Ω · m). This value fit quite well with the lowest resistances observed in the magnitude of 1 kΩ, when it is considered that the dendrite does not consist of one backbone but several branches, thereby lowering the resistance. However, many dendrites were observed to have resistances in the scale of 20-75 kΩ, and here, it is particularly noted that for dendrites having high resistances at 3 V, 10-100-ppm NaCl were the ones that appeared thicker as compared to those at 12 V (see Figs. 14 and 15) .
In order to get an idea of dendrite life and cumulative damage to the component, the total charge that passed during the experiments was calculated by integrating the current-time curves. Fig. 22 shows the results obtained at 3 and 12 V. The values were obtained by assuming the baseline to that of the current level for a dry resistor and then integrating the current exceeding that level. As the current contribution from the faraday current through the electrolyte is very small compared to that when a dendrite makes a short (Fig. 18) , this calculation can practically be regarded as the charge that passed through the dendrite. An interesting observation is that, at higher chloride concentrations, the total charge that passed is less due to intermittent burning of the dendrite once it is formed.
IV. DISCUSSION
Chip resistors tested in this investigation were found to be susceptible to electrolytic migration in chloride environments due to the presence of susceptible electrode materials. Susceptibility to migration, dendrite morphology, and dendrite resistance were a function of the chloride content and potential bias. Results showed some scatters in migration behavior for similar components, with some of them showing dendrite formation while others not, although test parameters were kept similar. This clearly indicates the variability that could be observed on a PCB if many components are present. Therefore, experiments in each case were repeated several times, and the results reported in this paper represent typical behaviors observed.
Migration was observed in one out of six experiments at 0-ppm NaCl (pure DI water) using 3-V potential bias, while no migration was observed at 0-ppm NaCl at 12-V bias. However, it is likely that the migration is due to an uncontrolled parameter, such as impurities from manufacturer of the components.
Overall, the probability of experiencing a short was found to increase initially with change in sodium chloride concentration from 0 to 10 ppm at 3 V, but further increase in concentration reduced the probability for short. Similar behavior was observed at 12 V except for the shift in the sodium chloride concentration to 100 ppm. It is clear from the polarization curves that increased sodium chloride ion concentration increases the dissolution of the anode on the chip resistor. However, it is assumed that the increased metal ion concentration in the solution layer will result in precipitation of hydroxides as the product of concentration of metal ions and hydroxyl ions reaches above the solubility limit. Local changes in pH (alkalization at the cathode) can assist this process by increasing the hydroxyl ion concentration. Formation of hydroxides impedes migration as hydroxides are neutral compounds, and therefore, they will not migrate under the electric field. Further investigation is needed to elucidate the exact reason for this behavior, but it appears to be due to the change in local pH change resulting from increased faradaic reactions with bias voltage and corresponding change in the stability of the metal ions. At 12-V 1000-ppm NaCl, migration still occurred in 50% of the experiments, whereas at 3-V 1000-ppm NaCl, no migration was observed, but heavy corrosion of the anode was observed (see Figs. 14-16 ). As shown in the anodic polarization curves, presented in Fig. 10 , the anodic dissolution of tin is at the diffusion limited region at both 3 and 12 V. The migration observed at 12 V could therefore be explained by difference in the local pH distribution inside the droplet or due to the codissolution of nickel from the terminal underlayer, which could possibly have an effect on the stability of tin ions in the solution, although no evidence is readily given for this at present. However, this might suggest that the migration behavior is influenced by the tin-layer thickness and the morphology of the metal underlayers.
Noh et al. [27] found that the tendency for ECM followed the same trend as the rate of corrosion on materials such as electroless Ag, electroplated Sn, and ENIG (electroless nickel on immersion gold) surfaces when comparing ECM experiments using DI water to corrosion experiments in 1.0 wt.% NaCl solutions and that the tendency for ECM for various metals was in the order Ag > Sn > ENIG. In this paper, however, it is found that the dissolution rate at the anode under ECM conditions plays a significant role on whether ECM is possible or not. In addition, an Ag underlayer is present on the electrode terminal of the CCR used in the present work, but no silver migration or silver corrosion products were observed. This shows that even though silver has a higher trend for ECM, when combined with Sn and Ni, the galvanic coupling between Sn, Ni, and Ag layers might not allow dissolution of silver ions.
Yoo and Kim [28] have investigated the influence of varying Pb content on ECM using NaCl and Na 2 SO 4 solutions (all neutral pH conditions). In Na 2 SO 4 , the tendency for ECM is seen to decrease due to passivation of Pb, while in NaCl solution, no significant change in the tendency for ECM is observed when the Pb content is increased. The NaCl solution used by Yoo and Kim was 0.001 wt.% equivalent to the 100-ppm solution used in the present work. The time to failure of pure tin in 100-ppm NaCl at 3-V potential bias found by Yoo and Kim was approximately 60 s, differing significantly from the values found in the present work (Fig. 17) . However, the distance between the electrodes used by Yoo and Kim was 350 µm, whereas the distance between the electrodes in the present work is 1100 µm. This strongly illustrates the importance of conductor spacing when investigating ECM. Further work is presently carried out, investigating ECM on a large number of components having varying sizes with varying potential bias and environments.
Another important aspect is the morphology and resistance that determine the stability and current leakage through the dendrites. Fig. 20 clearly shows the variations in the resistance values of the dendrites, indicating the possibility of variation in composition of the dendrites formed at different parameters. Increased dissolution kinetics at higher chloride concentrations results in more dissolution of tin ions as explained before. Higher concentration of tin ions in the solutions results in precipitation of tin hydroxide, which could be incorporated into the dendrite to increase its resistance. Incorporation of the hydroxide particles changes morphology and resistance of the dendrites. Attempts have been made to analyze the dendrite composition after migration experiments in various NaCl concentrations using EDS, but due to the large sampling volume of the X-rays produced (approximately 1 µm 3 ), no conclusive results can be presented. The problem is more complicated due to the large variations in the dendrites formed, since dendrite growth conditions could change due to electric field and pH changes within the droplet. It is believed that the dendrite consists of an inner metallic conductor, embedded by hydroxides or hydrochlorides. Further analysis is underway on investigating dendrite morphology using FIB-SEM and EDS.
Electrolytic migration and dendrite formation observed with no chloride (pure DI water) are assumed to be due to low levels of residues from the surface of the component, which dissolve into the water droplet. It clearly indicates risk of electrolytic migration in actual practice where only very low amounts of residues are sufficient to cause ECM if there is suitable potential bias. Increased amounts of chlorides or other ions will further accelerate the migration process, while the contamination on the components themselves can produce migration if water layer is present.
At higher potentials, it seems that the dendrites are thinner and less branched compared to that at lower potentials. This behavior is believed to be due to the higher electric field acting between terminals, which results in subsequent deposition of the metal ions at the tip of the dendrite rather than branching.
As expected, the time to first short was found to be longer at lower potentials (3 V) compared to that at 12-V bias due to slow dissolution and deposition kinetics. In addition, the droplet used for 3-V experiments had less tendency to evaporate, indicating less generation of heat in the component (resistor heating) during the experiment. Both aspects correlate with the use of higher voltage that results in higher current through the resistor to heat up, and higher voltage also increases the migration kinetics.
In general, electrolytic migration of the chip resistor was found to be a function of the amounts of chloride ions in solutions and potential bias between electrodes. Presence of chloride ions also increases the dissolution of the anode to provide the metal ions necessary for migration. This is important as the analysis of many field failures shows signs of chloride contamination on the components. Such contamination on a PCB can arise from the use of halide-containing flux, human handling, or from service environments. Material makeup, surface morphology of electrode layer, and solution chemistry all play a big role in controlling migration due to combined effects. Humidity absorption is easy on a rough surface, while dissolution of the top layer of a component electrode can expose the metal underneath causing galvanic corrosion, particularly if the potential bias is switched off. Similarly, the continuous changes in solution chemistry during the experiments determine the stability of dissolved ions in solution. As shown before, the stability of metal ions in the solution layer can alter migration and dendrite formation behavior as well as the resistance of the dendrites.
V. CONCLUSION 1) Chip resistor electrode terminals are found to be susceptible to electrolytic migration in sodium chloride solutions under potential biases of 3 and 12 V. 2) Sodium chloride concentrations around 10-100 ppm were found to significantly increase the probability of ECM, depending on the potential bias. Chloride concentration also increased the anodic reactivity of the electrode material. 3) Lower migration kinetics at 3-V experiments resulted in higher time-to-short values. The dendrites formed at 3 V, in general, had higher resistance than those formed at 12 V. 4) SCECM setup was found to be a good tool for corrosion studies of single electronic component in condensing environments.
